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Decreases in the Swelling and Porosity of Bituminous Coals
during Devolatilization at High Heating Rates
THOMAS K. GALE, CALVIN H. BARTHOLOMEW, and
THOMAS H. FLETCHER*
Chemical Engineering and Mechanical Engineering Departments, Advanced Combustion Engineering Research
Center (ACERC), Brigham Young University,Provo, UT 84602
Concern about comparability and validity of different methods for producing coal chars for reactivity
experiments has led to research on the effect of devolatilization conditions on the char physical and chemical
structure. Particle diameter and porosity changes during devolatilization significantly affect char oxidation
rates. In particular, physical properties of chars prepared in drop tube reactors differ greatly from chars
prepared in fiat flame burner experiments. Recent data indicate that the presence of oxygen in the gas
atmosphere has no effect on swelling until char oxidation has begun. The present research concentrates on
the effects of heating rate, particle temperature and residence time on the swelling and porosity of a plastic
coal, and compares these results with a nonplastic coal. The heating rate at which the transition from
increasing swelling to decreasing swelling occurs is approximately 5 × 10 3 K / s for swelling coals. Swelling
coals also reach a maximum porosity near this heating rate. At low particle heating rates swelling gradually
increases versus heating rate in contrast to a decline in the swelling at high heating rates in a narrow heating
rate region of 2 × 10 4 to 7 × 10 4 K / s . Nonswelling bituminous and lignite coals continue to increase in
porosity beyond the heating rate of 2 × 104 K/s.

INTRODUCTION
Swelling of a bituminous coal during pyrolysis
can affect the reactivity, particle size, and density of the resulting char. Under certain pyrolysis conditions, chars prepared from bituminous
coals form low apparent density, glassy, balloonlike cenospheres with transparent thin
walls and large inner cavities, which fragment
easily during combustion. Accurate char oxidation models require knowledge of both porosity and the swelling characteristics of coal char
to predict combustion behavior [1].
Sinnatt et al. [2] studied swelling during pyrolysis in atmospheres of nitrogen, coal gas,
hydrogen, steam, and at reduced pressure in
coal gas. Pyrolysis in nitrogen, coal gas and
hydrogen caused swelling of the char and formation of nearly identical cenospheres. However, the char prepared in an atmosphere of
steam consisted of fewer cenospheres.

* Corresponding author.
Presented at the Twenty-Fifth Symposium (International)
on Combustion, Irvine, California, 31 July-5 August 1994.

Brookes [3] pyrolyzed Silkstone coal at different heating rates by exposing 150-850 /zm
coal particles to instantaneous or gradually
increasing radiation intensity. Although not
specified, his reported particle temperature of
1470 K indicates fairly high heating rates. Char
swelled the most when exposed to gradually
increasing intensity of radiation. The idea that
swelling decreases with increasing heating rate
was also noted by Kallend and Nettleton [4].
Street et al. [5] studied pyrolysis of low-,
medium-, and high-rank coals in air and in
nitrogen. Chars prepared in nitrogen had much
larger swelling ratios, more open structures,
and smaller internal surface areas than chars
prepared in air. Street and coworkers suggested that differences in the swelling ratio
due to crosslinking reactions brought about by
oxidation. Swelling was also influenced by the
duration and temperature of pyrolysis. While
maximum particle heating rate was not reported, the relatively low maximum particle
temperatures (573-923 K) used indicate a low
heating rate.
Shibaoka [6] studied effects of heating rate
between 5 and 1800 K / s and of particle size
on the swelling of submillimeter size hv-biCOMBUSTIONAND FLAME 100:94-100 (1995)
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tuminous, my-bituminous, and subbituminous
coal particles during devolatilization in air. It
was found that char particles expand with increasing heating rate and form distinctly cellular structures. The finer the particle size, the
greater was the relative degree of expansion.
From their experiments on swelling of bituminous coal during pyrolysis in air and pure
nitrogen, Tsai and Scaroni [7] reported swelling
ratios that conflicted with the findings of Street
et al. [5]. However, the maximum particle temperature and maximum particle heating rate
attained by Tsai and Scaroni were much higher,
i.e., 1200 K and 104 K/s, respectively. Pyrolysis of coal in nitrogen caused diameter increases of up to 20% with subsequent decreases in diameter of up to 10%. On the other
hand, combustion of the coal in air produced
diameter increases of up to 30% with subsequent shrinkage of the char particles influenced by burning. Another significant result
was that the internal surface areas of particles
treated in air and in nitrogen were identical
until the onset of oxidation in the combustion
experiment.
Fletcher [8] recently studied the pyrolysis of
coal for five different ranks in two different
reactors. The maximum particle temperature
and heating rate for his experiments were
1200-1500 K and 104 to 105 K/s, respectively.
Chars were produced in a flat flame burner
with 0%, 6%, and 12% postflame oxygen or in
an electrically heated drop tube, enabling percentages of oxygen and nitrogen to be varied.
Particle diameters increased as much as 50%
in the drop tube and by less than 20% in the
FFB. Special care was taken to avoid any oxidation of the char after pyrolysis and during
char collection. Oxygen in the postflame gases
of the flat flame burner and in the drop tube
reactor did not influence char particle swelling.
Fletcher attributed the differences in the swelling ratio and surface properties of the chars
created in the two reactors to differences in
the heating rate between reactors and/or the
presence of postflame gases in the flat flame
burner other than oxygen, such as CO 2 or
H20.
Hamilton [9, 10] performed pyrolysis experiments on vitrinite from coals of different ranks
between heating rates of 0.1 K / s to 104 K/s.
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His experiments were performed in an electrically heated grid reactor and concentrated on
the effects of parent coal rank, and maximum
particle heating rate and temperature on coal
char plasticity. Bituminous vitrinites developed
the greatest plasticity during pyrolysis. The farther removed in rank a vitrinite was from bituminous, the less plastic it became. Plasticity for
all coal ranks began with the formation of
cenospheres at heating rates of 1-100 K / s and
a consistent maximum particle temperature of
1273 K. Only small additional changes in char
morphology were observed for heating rates of
100-104 K/s. Char particles flattened out
on the grid when high plasticity was achieved.
In addition to a correlation with heating rate,
Hamilton found plasticity to increase with increasing particle temperatures between 683 and
1273 K at a constant heating rate of 103 K/s.
Zygourakis [11] demonstrated that the
macroporosity of 250-300 /xm char particles
prepared from Illinois No. 6 coal increases
with maximum particle heating rate for relatively low heating rates, i.e., 0.1, 1.0, 10, 100,
and 1000 K/s. Macroporosity of char particles
was determined by scanning electron microscopy (SEM). Char particle swelling also increased with increasing heating rate.
Attempts have been made to describe the
various paths which swelling may take during
pyrolysis, dependent on heating rate. One such
model, developed by Solomon et al. [12], proposed that coal melts and gas bubbles form
due to gas evolution into internal micropores
during the initial stages of pyrolysis. Gas bubble size then increases by expansion and coalescence in molten particles. Whether the coal
particles swell, fracture or form ruptures in the
particle surface due to escaping volatiles is
dependent upon the heating rate. A rough
estimate of the heating rate at which swelling
beings to decline was determined [12] from
electron micrographs to be about 104 K/s.
This paper reports further research on the
effects of pyrolysis conditions on the swelling
characteristics of hv-bituminous coals for heating rates in excess of 10 4 K/s. It will be
demonstrated that effects of particle heating
rate on particle diameter and porosity change
markedly in a relatively narrow region of heating rate.
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EXPERIMENTAL

vironments. Chars were prepared in the FFB
at residence times of 50 ms.

Coal Types and Classification
Two hv-bituminous coals, Utah Blind Canyon
and Pittsburgh No. 8, were selected to provide
a comparison swelling coal properties. A rough
pulverized grind of Utah Blind Canyon hvC-bituminous coal was obtained from the Huntington Power Plant. A size-classified Pittsburgh
No. 8 hvA-bituminous coal was obtained from
the PETC Direct Utilization/AR & TD suite
of coals (PSOC-1451D), and is the same coal
used by other researchers [13-16]. Analysis of
these coals is given in Table 1. The Utah Blind
Canyon (UBC) coal used in this study was
classified in a Vortec cyclone separator and
then sieved twice using standard US mesh
sieves to obtain the 63-75-/zm size fraction.
Coal samples were refrigerated at 5°C to reduce low temperature oxidation.
Char Preparation
Chars were prepared from these coals in a flat
flame methane burner (FFB) [18] at several
different residence times and also in a highpressure controlled profile (HPCP) drop tube
reactor [19] under a variety of different pyrolysis conditions at comparable residence times
and heating rates. Characteristics of these reactors are described below. Experiments were
performed in the HPCP in helium, nitrogen, or
air to achieve maximum particle temperatures
in the range of 950-1627 K, heating rates of
2 × 104 to 7 × 104 K/s, and residence times
of 135 to 600 ms. Helium was used to change
the heating rate in the HPCP, since helium has
a higher thermal conductivity, diffusivity and
heat capacity than nitrogen or oxygen. Experiments were performed in the HPCP in both
inert and reactive ( 0 2 or H20-containing) en-

High-Pressure Controlled Profile Drop Tube
Reactor (HPCP)
The High-Pressure Controlled Profile Reactor
(HPCP) is an electrically heated, laminar-flow,
drop tube reactor that has the capability of
independently varying temperature, pressure,
gas atmosphere, particle velocity, and residence time [19]. The height of the water-cooled
coal injection probe and the gas flow rate are
adjusted independently to change residence
time. Coal is injected with a small amount of
inert gas at a feed rate of approximately 1 g/h.
A water-cooled, nitrogen-quenched collection
probe is used to collect the char and tar. A
virtual impactor followed by a cyclone separates the char from the tar. Tar is collected
on glass fiber filters. The HPCP has a cool
gas region immediately following the injection
probe. The particle heating rate in the HPCP
depends on the gas atmosphere used, the gas
and wall temperatures, the gas velocity, and
the injection probe position in the HPCP.
Flat Flame Burner (FFB)
The fiat flame burner (FFB) [18] produces a
laminar methane air flame, with post flame
gases consisting of 4% 02, 7.5% CO 2, 18%
H20, and 70.5% N 2 [16, 17]. Coal particles are
injected upward through the base of the flame
with a small amount of inert gas to entrain the
coal particles at a rate of 1-2 g/h. Residence
time is adjusted by moving the position of the
collection probe, which is water-cooled and
nitrogen-quenched to prevent further reaction
after collection. Char is separated from unburned tars and aerosols by a glass cyclone.
Particles injected up through the flame front in
the FFB reach their maximum temperature

TABLE 1

Coal Analysis
% of daf Coal
Coal Type
Pittsburgh No. 8
Utah Blind Canyon
as+o.

C

H

N

S

O

Dry
% Ash

As received
% Moisture

83.5
79.6

5.69
5.81

1.78
1.70

0.96
--

8.1
12.9 a

4.08
9.59

1.49
2.36
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within a centimeter after leaving the injection
probe.

Modeling Heating Rate and
Particle Temperature
Heating rate, temperature, and total volatile
yield of char particles in the HPCP and the
FFB were calculated using a single-particle
transient mass and energy balance [14]. The
CPD devolatilization model was used to calculate the devolatilization rate [20]. Particle temperature histories were calculated based on
measured gas and wall temperatures. Calculated mass release agreed with measured values within + 8%. Calculated heating rates may
deviate up to a factor of two due to uncertainties in heat capacities and particle sizes [14];
however, such errors do not affect the trends
between different experiments.

Characterization of the Residual Char
True densities were determined by helium pycnometry. Apparent densities were obtained
from a tap density method [21] assuming a
packing factor of 0.45, and porosities were
calculated from apparent densities and true
densities. Extent of mass release was obtained
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RESULTS
At a given particle temperature, a swelling coal
particle initially swells during the early stages
of pyrolysis, and then shrinks slightly during the later stages of devolatilization [7, 15].
The same results were observed in this study.
Moreover, all samples represented by data in
the following figures were obtained at long
enough residence time to include slight shrinkage.
Swelling ratios and porosities are plotted
versus maximum particle temperature for
Pittsburgh No. 8 and UBC chars in Fig. 1.
Experimental conditions for each legend symbol are shown in Table 2. Figures la and lb
show a general trend of decreasing swelling
ratio and porosity with increasing particle temperature for the Pittsburgh No. 8 char. A slight
decrease in swelling ratio with increasing temperature is also observed for the UBC chars in
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using Ti as a tracer, as measured by Inductively Coupled Plasma (ICP) analysis. Swelling
ratios (de/dpo) were calculated from measured
values of total mass release (1 - m/m o) on a
daf basis and apparent density (P/Po) [8, 22]:
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Fig. 1. Changes in swelling and porosity
as a function of maximum particle temperature for Pittsburgh No. 8 coal chars
(a and b) and UBC coal chars (c and d).
Open symbols are data from the HPCP,
filled symbols are data from the FFB
(see Table 2).
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TABLE 2
Summary of Experimental Conditions

Maximum Residence
Gas
Particle
Time
Atmosphere
Symbol Reactor Temperature
(ms)
Composition
[]

O
[]
[]
•

HPCP
HPCP
HPCP
HPCP
HPCP
FFB

950-1100K
986-1626K
986 K
1333 K
975 K
1467

480-490 a
100% N 2
135-150
100% N 2
150
100% N 2
490
100% He
350
100% N 2
50
Vitiated air b

Between 480 and 600 ms for UBC coal char.
b 18% H 2 0 , 4% 0 2, 7.5% C O 2 , and 70.5% N 2.

Swelling ratio and porosity for Pittsburgh
No. 8 chars decrease markedly with increasing
heating rate (see Figs. 2a and b). In entrained
flow systems, it is difficult to separate effects of
heating rate and maximum temperature. The
correlation of swelling with heating rate for the
Pittsburgh No. 8 char is approximately linear
and less scattered than that with temperature.
Conversely, the UBC char data appear to be
better correlated with particle temperature
than with heating rate.
DISCUSSION
Data from Zygourakis [11] indicate a continual

Fig. lc, however, the porosity of the UBC char
increases with increasing particle temperature
as shown in Fig. ld, in contrast to that for the
Pittsburgh No. 8 char. The particle porosity for
the UBC char increased to 70% even though
swelling was minimal. The FFB char data (solid
symbols) agree with the HPCP data for the
UBC chars, but are lower than the HPCP data
for the Pittsburgh No. 8 char.

increase in porosity with increasing heating rate

between 0.1 and 1000 K/s for chars prepared
from Illinois No. 6 hv-bituminous coal. In the
present study, at maximum particle heating
rates of 2 × 10 4 to 7 X 10 4 K/s, a decrease in
both porosity and swelling for Pittsburgh No. 8
chars was observed. UBC chars, however, underwent a moderate decrease in swelling and
an increase in porosity with increasing heating
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Fig. 2. Changes in swelling and porosity as a function of maximum particle
heating rate for Pittsburgh No. 8 coal chars (a and b) and UBC coal chars (c and
d). Open symbols are data from the HPCP, filled symbols are data from the FFB
(see Table 2).
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rate. Zygourakis [11] also reported particle radii
for the Illinois No. 6 char, from which swelling
ratios can be calculated using his initial coal
particle size fraction. The particle sizes used by
Zygourakis are five times larger than those
used in this research. However, the trends between his work and this work (Fig. 3) qualitatively indicate an increase in swelling and
porosity versus heating rate up to 103 K / s and
a decrease in swelling and porosity between
particle heating rates of 2 × 10 4 tO 7 × 10 4
K/s. Additional experiments using identical
particle sizes and coal types are suggested for
more quantitative comparisons.
Swelling and porosity both increase initially
with particle heating rate because the total
volatile yield increases with increasing heating
rate [23]. The increased volatile matter contributes to the swelling by expanding the outer
shell of the char particle as it escapes. The
temperature at which devolatilization occurs
increases with heating rate because of the distributed nature of the coal bonding structure
[24, 25]. At very low heating rates, swelling
does not occur even though there may be
significant devolatilization because pressure
buildup from the release of volatiles is too
small to expand the particle shell, i.e., there is
sufficient time for volatiles to escape through
small pores in the surface before pressure can
build up. At the heating rates observed in this
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study, both swelling and porosity decrease with
increasing heating rate because the chemical
release rate of volatiles is faster than the relaxation time involved in expansion of the particle
shell. Significant internal particle temperature
gradients may also affect particle behavior at
the high heating rates. After rapid devolatilization at these high heating rates, crosslinking
quickly solidifies the particle structure.
The heating rate range of 2 × 10 4 to 7 × 10 4
K / s studied in this work is typical of the
heating rate difference between many flat flame
burners and drop tubes. Therefore, the difference in swelling ratios of chars prepared in flat
flame burners and drop tubes is largely due to
the heating rate difference. However, if sampling does not take place before the onset of
char oxidation or gasification in flat flame
burner experiments, fragmentation of char
particles may reduce both swelling and porosity. This may explain why swelling and porosity
of Pittsburgh No. 8 is less for the FFB chars
than for the HPCP chars. Although attempts
were made to sample the FFB char before
significant gasification and/or oxidation occurred, the mass release and nitrogen surface
area, both indicators of char oxidation [7, 26],
were higher for the FFB char than for the
HPCP char. On the other hand, the swelling
and porosity values of UBC FFB char are in
line with those for UBC HPCP chars. The
Pittsburgh No. 8 char is probably more susceptible than the UBC char to fragmentation during the early stages of char gasification because
it is a plastic coal, which quickly forms thinwalled censorpheres in the early stages of devolatilization.
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Fig. 3. Swelling ratio (open symbols) and porosity (filled
symbols) versus m a x i m u m particle heating rate for two
coals. The Illinois No. 6 char data were obtained from
Zygourakis [11].

CONCLUSIONS
1. The swelling ratio and porosity of Pittsburgh No. 8 char decrease (by 35 and 15%,
respectively) as maximum particle heating
rates increase from 2 × 10 4 tO 7 × 104 K/s.
A factor of 4 increase in heating rate is
enough to explain why particles swell in
drop tube reactors and not in fiat flame
burner experiments.
2. For Pittsburgh No. 8 coal, the heating rate
at which maximum particle swelling and
porosity occurs in an inert environment is
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less than 10 4 K / s , and is p r o b a b l y greater
than 10 3 K / s based on data at lower heating rates.
3. F o r U B C coal, porosity continued to increase with increasing heating rate for all
heating rates examined (2 × 10 4 to 7 x 10 4
K / s ) . T h e m a x i m u m particle heating rate
corresponds to a m a x i m u m particle t e m p e r ature of 1625 K in this study.
4, Swelling and porosity correlate better with
m a x i m u m particle heating rate than with
particle t e m p e r a t u r e for highly swelling
coals such as Pittsburgh No. 8.
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Comments
N. Tsai, Stanford University, USA. W h a t is your
hypothesis for the drastic increase in swelling
ratio with increasing heating rate at the high
heating rate range typical of c o m m e r c i a l utility
boilers/P.C, combustors?

Authors' Reply. T w o possible explanations are
given for the decrease in swelling with in-

creased heating rate: (1) at increased heating
rates, the t e m p e r a t u r e window for softening is
very short, and does not p e r m i t expansion of
the solid before crosslinking reactions b e c o m e
i m p o r t a n t at higher t e m p e r a t u r e s ; and (2) internal particle t e m p e r a t u r e gradients b e c o m e
i m p o r t a n t at higher heating rates, causing the
o u t e r shell to crosslink while pyrolysis occurs
b e n e a t h the surface.

